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INTRODUCTION
Target of rapamycin (TOR) is a phosphatidylinositol 3-kinase-related kinase conserved in eukaryotes (Cafferkey et al., 1993 ) that transmits signals downstream by phosphorylating a set of downstream targets, including proteins involved in ribosomal synthesis and translation (Burnett et al., 1998; Jorgensen et al., 2004) . Previous studies have revealed that TOR is composed of two structurally and functionally distinct protein complexes, namely TOR complex 1 (TORC1) and TOR complex 2 (TORC2) (Loewith et al., 2002; Jacinto et al., 2004) . TORC1 serves important functions in nutrient sensing and stress response (Hara et al., 1998; Urban et al., 2007) . In addition to the catalytic subunit TOR, TORC1 is composed of several associated proteins that contribute to the regulation of its kinase activity. In the budding yeast Saccharomyces cerevisiae, TORC1 consists of Tor1/2, Kog1, Lst8, and Tco89 protein subunits (Loewith et al., 2002; Reinke et al., 2004) .
Yeast TORC1 is involved in the regulation of multiple physiological functions, including proteosynthesis, nitrogen metabolism, nitrogen permeability, and autophagy (Calvo et al., 1992; Noda and Ohsumi, 1998; Schmidt et al., 1998; Loewith et al., 2002) . These physiologically diverse branches of the TORC1 signaling pathway are regulated separately downstream of TORC1. Sch9, the functional homologue of
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Akihiko Nakano RIKEN suppressed, and general amino acid uptake and autophagy are induced, all of which are mediated by the inhibition of TORC1 activity (Barbet et al., 1996; Noda and Ohsumi, 1998; Schmidt et al., 1998; MacGurn et al., 2011) . On the other hand, cells can respond to stresses such as glucose starvation, phosphate starvation, osmotic stress, oxidative stress, high temperature, or DNA damage by decreasing protein synthesis and activating stress response genes, both of which are mediated through TORC1 Mahfouz et al., 2006; Urban et al., 2007; Wanke et al., 2008; Budanov et al., 2010; Loewith and Hall, 2011; Takahara and Maeda, 2012; Thedieck et al., 2013) . However, such stressors do not necessarily affect the activities of other branches of the TORC1 pathway other than proteosynthesis (Hughes Hallett et al., 2014) . These observations suggest that whereas TORC1 integrates environmental information, the outputs of the TORC1 pathway may be optimized such that different branches of the TORC1 pathway are regulated separately, and only certain branches are modulated by certain environmental signals. To date, the mechanism underlying such regulation remains an open question.
How does TORC1 separately regulate the activity of different downstream pathway branches based on specific environmental cues? To reveal this mechanism, we investigated the functions of TORC1 regulators in heterogeneous downstream signaling. In this study, we show that a deficiency in HOPS components specifically affects signaling to the Sch9 branch of the TORC1 pathway. Moreover, we show that changes in the localization of phosphatidylinositol 3,5-bisphosphate [PI(3,5)P 2 ] are important for the specific inhibition of the Sch9 branch under oxidative stress. Our results suggest that branches of the TORC1 downstream pathway are differentially regulated by their dependence on vacuolar membrane localization. The Sch9 branch is highly dependent on vacuoles, which enables the selective inhibition of this signaling branch in response to a specific subset of stressors.
RESULTS

Signal outputs of the TORC1 pathway are differentially regulated in an input signal-dependent manner
To investigate the mechanisms underlying TORC1 downstream signaling diversity, we first examined the status of each branch of the TORC1 pathway under several stress conditions by evaluating the phosphorylation of Sch9 (Sch9 branch), Npr1, whose phosphorylation is maintained by activated TORC1 via suppression of protein phosphatase 2A (PP2A) activity, Par32 (phosphorylated after rapamycin 32), which is phosphorylated by Npr1 when TORC1 is suppressed (PP2A branch), and Atg13 (Atg13 branch) (Schmidt et al., 1998; Urban et al., 2007; Huber et al., 2009; Kamada et al., 2010; Hughes Hallett et al., 2014) .
Consistent with a previous report (Hughes Hallett et al., 2014) , phosphorylation of Sch9, Npr1, and Atg13 was robustly decreased following nitrogen deprivation as well as the addition of rapamycin, a specific inhibitor of TORC1 (Figure 1 ). By contrast, hyperosmotic stress induced by treatment with 1 M NaCl caused a significant reduction in Sch9 phosphorylation and slightly impacted Atg13 phosphorylation status but did not significantly change Npr1 or Par32 modifications (Figure 1 ). These observations confirmed that different stressors elicit differential downstream responses of TORC1 signaling (Hughes Hallett et al., 2014) , where nitrogen deprivation or rapamycin treatment effectively turned off TORC1 signaling to most branches of the TORC1 pathway. mammalian protein kinase S6K, activates proteosynthesis on direct phosphorylation of TORC1 (Urban et al., 2007) , and the phosphorylation of Atg13 by TORC1 inhibits autophagy (Kamada et al., 2010) . In addition, regulation of amino acid uptake and nitrogen metabolism by TORC1 is achieved via the inhibition of protein phosphatase 2A (Di Como and Arndt, 1996; Schmidt et al., 1998; .
Amino acids are the primordial activators of TORC1 activity (Hara et al., 1998) . Heterodimeric Rag GTPases Gtr1 and Gtr2 mediate amino acid signaling and regulate TORC1 activity (Dubouloz et al., 2005; Binda et al., 2009) . A combination of the GTP-bound form of Gtr1 and the GDP-bound form of Gtr2 activates TORC1, whereas a complex of the GDP-bound form of Gtr1 and the GTPbound form of Gtr2 represses TORC1 (Dubouloz et al., 2005; Binda et al., 2009) . In addition to the Gtr proteins, Ego1, Ego2, and Ego3 constitute the EGO (exit from G0) complex, which is thought to be important in TORC1 regulation, because a loss of these factors or a mutation affecting the GTPase activity of the Gtr proteins leads to delocalization of TORC1 and a defective response of TORC1 activity to nutrient availability (Stracka et al., 2014; Powis et al., 2015; Kira et al., 2016) .
Rapamycin is a drug that selectively inhibits TORC1 activity (Heitman et al., 1991; Loewith et al., 2002) . Screening for hypersensitive mutants to rapamycin enriched those defective in TORC1 activity (Dubouloz et al., 2005) . Similar screens also searched for a subset of genes involved in the vacuolar proteinsorting pathway. When this pathway is deficient, phosphorylation of a TORC1 substrate is decreased; moreover, such a mutation shows synthetic lethality with TOR1 (Xie et al., 2005; ZuritaMartinez et al., 2007) . Previous studies have indicated that TORC1 is localized on the cytoplasmic surface of lysosomes and vacuoles in mammals and yeast, respectively, and that this localization is important for its activation (Wedaman et al., 2003; Yan et al., 2006; Urban et al., 2007; Sancak et al., 2008; Kira et al., 2016) . Among the proteins in the vacuolar protein-sorting pathway, components of the homotypic fusion and vacuole protein-sorting complex (HOPS) impact the TORC1 pathway (Kingsbury et al., 2014) . HOPS mediates molecular transport from the Golgi apparatus and late endosomes to vacuoles. Although a HOPS component, Vam6, reportedly acts as a guanine nucleotide exchange factor (GEF) for Gtr1 of the EGO complex (Binda et al., 2009) , the mechanisms of action of other HOPS components on TORC1 activity remain elusive.
Under conditions suitable for growth (i.e., rich in nutrients and no stressors), TORC1 activity contributes to cell cycle progression and proteosynthesis (Calvo et al., 1992; Barbet et al., 1996) . By contrast, when cells encounter a condition that is inappropriate for growth, TORC1 activity is repressed, which in turn suppresses protein synthesis and proliferation (Urban et al., 2007; Loewith and Hall, 2011) . Decreased TORC1 activity also induces Sch9-mediated activation of stress response genes (Wanke et al., 2008; Wei et al., 2008) . Thus, TORC1 senses numerous environmental conditions and transmits signals to distinct branches of the TORC1 pathway. Therefore, TORC1 is considered a cellular signaling hub (Goberdhan et al., 2016) . However, compared with its physiological importance in amino acid sensing, the role of TORC1 in other stress response pathways is still unclear.
Although TORC1 plays a role as a signaling hub, its downstream branches may not always respond uniformly to changes in the environment. For example, under amino acid or nitrogen depletion, the materials for constructing proteins are insufficient. In this situation, proteosynthesis, and thus proliferation, are HOPS mutants, ∆vam6 and ∆pep3, and the results were similar to those in ∆vps41 cells (Supplemental Figure S1) . Interestingly, the phosphorylation status of Atg13 was essentially unchanged in any mutant ( Figure 2B ). Thus, the downstream transduction of TORC1 signaling to Atg13 is relatively resistant to genetic perturbation. This observation is consistent with our previous finding that autophagy was not activated by the deletion of an Ego subunit in nutrient-rich conditions (Kira et al., 2014) , as TORC1-dependent phosphorylation of Atg13 inhibited the induction of autophagy (Kamada et al., 2010) .
We further addressed the effects of HOPS deletion on TORC1 downstream signaling in response to nutrient input. As shown in Figure 2D , when wild-type (WT) cells were transferred from nutrient-depleted to nutrient-rich media, activated TORC1 transduced the signal to its branches, thereby inducing Sch9 phosphorylation and Par32 dephosphorylation within 2−10 min. In ∆vps41 cells, the PP2A branch still responded to nitrogen sources, as revealed by the reduced phosphorylation of Par32 observed in a similar time course to WT cells. However, Sch9 phosphorylation was barely induced in these mutants. On the other hand, ∆ego1 and ∆tco89 cells did not show any changes in the phosphorylation status of Sch9 or Par32. Taken together, these results indicate that HOPS is specifically required for TORC1-dependent activation of the Sch9 branch. This specified role of HOPS in the TORC1 pathway is in striking contrast with the roles of the EGO complex and TORC1 component, which are critical for activation of the two downstream branches.
A previous report showed that activation of Gtr partially rescued the rapamycin sensitivity of HOPS mutants (Kingsbury et al., 2014) . Thus, we investigated whether activation of the EGO complex rescues the defect in Sch9 signaling caused by disrupting HOPS. To achieve this, we first constructed a ∆gtr1 ∆gtr2 ∆vps41 triple mutant, after which we introduced WT Gtr1 and Gtr2, the activated forms Gtr1 GTP and Gtr2
GDP
, or the inactivated forms Gtr1 GDP and Gtr2 GTP (Kira et al., 2014) . As shown in Figure 2E , the ∆gtr1 ∆gtr2 deletion reduced Sch9 phosphorylation, which was rescued by Gtr1-Gtr2 or Gtr1
GTP -Gtr2
GDP but not by Gtr1
GDP -
Gtr2
GTP or empty vector. In the ∆vps41 background, the effects of these alleles on recovery were minimal ( Figure 2E ). Although Vam6, a subunit of HOPS, acts as a GEF for Gtr1, the insufficient suppression of ∆vps41 by activated Gtr implies that HOPS has an additional function other than Gtr1 activation in TORC1 signaling via the Sch9 branch.
The HOPS complex is necessary for normal Sch9 localization
The HOPS mutant was slightly resistant to rapamycin compared with the ego mutant and still stimulated TORC1 activity on nutrient input (Figure 2 , A and D). To determine how HOPS specifically affects the Sch9 branch, we focused on the localization of Sch9 and TORC1, because we previously reported that localization of Sch9 and TORC1 was regulated independently (Kira et al., 2016) and that the integrity of the Sch9 branch depends on the formation of mature vacuoles, which contributes to the membrane localization of Sch9 (Jin and Weisman, 2015) .
We expressed a C-terminal Sch9-2GFP fusion protein from the SCH9 promoter encoded on a centromeric plasmid and observed intracellular localization using fluorescence microscopy. Consistent with previous studies (Jorgensen et al., 2004; Jin et al., 2014) , Sch9 was localized to both the cytoplasm and vacuolar membranes ( Figure  3A ). Similarly to WT cells, ∆ego1 and ∆tco89 cells showed Sch9 localization on vacuolar membranes and throughout the cytoplasm ( Figure 3A) . By contrast, we found that membrane localization of The HOPS complex is specifically required for transmitting the TORC1 signal to the Sch9 branch
We hypothesized that previously identified TORC1 signalingrelated factors contribute to the differential regulation of downstream branches in the TORC1 pathway. To confirm this hypothesis, we focused on three factors known to be involved in TORC1 activity. Vps41 is a component of HOPS that mediates endosome-vacuole fusion and vacuole-vacuole fusion (Seals et al., 2000; Balderhaar and Ungermann, 2013) , and its deficiency confers rapamycin hypersensitivity (Xie et al., 2005; Zurita-Martinez et al., 2007) . Ego1 is a component of the EGO complex (Dubouloz et al., 2005) , the counterpart of mammalian Ragulator, which contributes to the targeting of mTORC1 to lysosomal surfaces and its amino acid-dependent activation (Sancak et al., 2010; Kira et al., 2016) . Tco89 is a nonessential component of TORC1, but its deletion decreases TORC1 activity (Reinke et al., 2004) .
First, we estimated the activity of TORC1 in each mutant under nutrient-rich conditions with a rapamycin recovery assay (Dubouloz et al., 2005) . As shown in Figure 2A , the three mutants exhibited increased sensitivity to rapamycin, indicating that TORC1-related signals were noticeably attenuated by these mutations ( Figure 2A ). Next, we investigated the downstream transduction of TORC1 signaling in these mutants by assessing the phosphorylation status of target proteins in each branch. The phosphorylation status of Sch9 in ∆vps41 mutant cells was lower than that in ∆ego1 mutant cells ( Figure 2 , B and C). This was consistent with a previous report in which the effects of HOPS disruption on the Sch9 branch were more severe than those of the EGO complex (Kingsbury et al., 2014) .
In ∆ego1 or ∆tco89 cells, dephosphorylated forms of Npr1 accumulated even under nutrient-rich conditions ( Figure 2B ). Surprisingly, the phosphorylation status of Npr1 was not affected in the HOPS deletion mutant ∆vps41 ( Figure 2B ). The effects of HOPS deletion on the PP2A branch of the TORC1 pathway were further confirmed by the phosphorylation status of Par32. Par32 was constantly phosphorylated in ∆ego1 and ∆tco89 cells but not in ∆vps41 cells. We also performed the same experiments using other FIGURE 1: Signal outputs of the TORC1 pathway are differentially regulated in an input signal-dependent manner. Western blot analysis of the C-terminal fragment of Sch9-5HA (yet515), Npr1-13myc (yet610), Atg13 (yet562), and Par32-13myc (yet515) was performed. Cells in log phase were treated with SDC (control), SDC + 1 M NaCl (hyperosmotic stress), SD−N (nitrogen depletion), or SDC + 200 ng/ml rapamycin (TORC1 inhibitor) for 30 min, and the lysates were subjected to Western blotting.
appeared to be associated with immature vacuoles stained by CMAC ( Figure 3C ). This indicates that the differential localization of TORC1 and Sch9 may be the cause of the reduced phosphorylation of Sch9 due to disrupted HOPS. Thus, these results suggest that HOPS disruption causes abnormal localization of Sch9 by changing the structure or quality of vacuolar membranes that facilitate Sch9 localization to vacuoles.
Disruption of the HOPS complex decreases TORC1 output to the Sch9 branch by inducing the delocalization of Sch9 from vacuolar membranes
We hypothesized that the specific reduction of TORC1-Sch9 signaling in HOPS mutants may be attributable to a deficiency in scaffolds for Sch9 localization to a specific membrane site. To test this possibility, we artificially tethered Sch9 to intracellular membranes by fusing a FYVE (Fab1, YOTB, Vac1, and EEA1) domain from mammalian EEA1 (Burd and Emr, 1998) and investigated whether TORC1-Sch9 signaling was rescued. The FYVE domain has been implicated in binding with phospholipid phosphatidylinositol 3-phosphate (PI3P), which is 20 times as abundant as PI(3,5)P 2 in yeast cells and is concentrated on vacuolar membranes (Duex et al., 2006) . As shown in Figure 4A , GFP-FYVE-Sch9 was mainly localized on vacuolar membranes in WT cells, whereas in ∆vps41 cells, it was localized to the surfaces of immature vacuoles ( Figure 4A ).
Next, we investigated the effects of Sch9 membrane tethering on TORC1 signaling. Interestingly, the tethering caused robust phosphorylation of Sch9 in WT and ∆vps41 cells, and this phosphorylation was canceled by the addition of rapamycin, indicating both vacuolar membrane localization dependence and TORC1 dependence ( Figure 4B ). This result clearly shows that membrane localization stimulates TORC1-dependent phosphorylation of Sch9 and that defective membrane localization of Sch9 restricts phosphorylation by TORC1 in ∆vps41 cells. Moreover, we found that membrane-tethered Sch9 is functional for growth regulation, as the expression of GFP-FYVE-Sch9 in WT cells did not cause any growth defects and substantially rescued rapamycin sensitivity caused by HOPS disruption ( Figure 4C ). These data suggest that the specific involvement of HOPS in TORC1-Sch9 signaling is achieved by regulating Sch9 intracellular membrane localization.
Oxidative stress alters the localization of Sch9 and inhibits TORC1-Sch9 signaling
What is the physiological role of membrane-assisted signaling to the Sch9 branch? On the basis of the analysis of HOPS mutants, we Sch9 disappeared in ∆vps41 cells ( Figure 3B ), which had fragmented, immature vacuoles stained with the vacuolar marker 7-amino-4-chloromethylcoumarin (CMAC), as previously reported (Nakamura et al., 1997; Seals et al., 2000) . These results indicate that vacuolar membrane localization of Sch9 requires the HOPS complex. We also observed the localization of Tor1, the catalytic subunit of TORC1 (Loewith et al., 2002) . As shown in Figure 3C , GFP-tagged Tor1 was localized to vacuolar membranes in WT cells. In ∆vps41 cells, TORC1 FIGURE 2: The HOPS complex is specifically required for transmitting the TORC1 signal to the Sch9 branch. (A) Spot assay investigating growth recovery after rapamycin treatment in wild-type (WT) (BY4741), ∆vps41 (yet567), ∆ego1 (yet576), and ∆tco89 (yet701) cells. Cells in log phase were cultured in the presence or absence of 200 ng/ml rapamycin for 3 h at 30°C. The cell cultures were serially diluted 10-fold and then spotted onto YPD medium. Colonies were photographed after 1 d (YPD) or 2 d (Rap recovery). (B) Western blot analysis of C-terminal fragment of Sch9-5HA (yet515, 569, 577, and 729), 618, 619, and 780), Atg13 (yet562, 574, 580, and 726), 569, 577, and 729) . Lysates of WT (yet515, 610, and 562), ∆vps41 (yet569, 618, and 574), ∆ego1 (yet577, 619, and 577), and ∆tco89 (yet729, 780, and 726) cells grown in SDC medium, or WT cells treated with 200 ng/ml rapamycin in SDC medium, were subjected to Western blotting. (C) Quantification of the band shift data of ∆vps41 and ∆ego1 cells for Sch9 from B (n = 5). To calculate the p value, we applied the BrunnerMunzel test. Error bars represent 95% confidence intervals. *p < 0.005. (D) Western blot analysis of C-terminal fragment of Sch9-5HA and Par32-13myc. WT (yet515), ∆vps41 (yet569), ∆ego1 (yet577), and ∆tco89 (yet729) cells under nitrogen starvation for 30 min were resuspended in SDC medium. Cells grown in SDC medium were collected at each time point, and cell lysates were subjected to Western blotting. (E) Western blot analysis of C-terminal fragment of Sch9-5HA. Lysates of VPS41 ∆gtr1 ∆gtr2 and ∆vps41 ∆gtr1 ∆gtr2 cells harboring empty vector (yet639, 755),
GDP (yet647, 763) grown in SDC medium were subjected to Western blotting.
Previous studies have indicated that TORC1-Sch9 signaling was suppressed under oxidative stress, heat stress, or hyperosmotic stress conditions (Urban et al., 2007) , whereas these stresses only moderately affected the PP2A branch (Hughes Hallett et al., 2014) . We found that phosphorylation of Atg13 was decreased under heat stress or hyperosmotic stress conditions but not under oxidative stress (Figures 1 and 5A ). Consistent with previous reports (Hughes Hallett et al., 2014) , we observed that Npr1 phosphorylation was not significantly changed, but that of Sch9 was robustly decreased under oxidative conditions ( Figure 5B ). These data demonstrate that oxidative stress suppresses the signal to the Sch9 branch from TORC1 but not to the Atg13 or PP2A branch. Moreover, we observed slight and transient dephosphorylation of Npr1 10 min after oxidative stress induction, in contrast with the gradual decline of Sch9 phosphorylation ( Figure 5C ). Thus, in addition to the specific suppression of TORC1-Sch9 signaling, TORC1 activity itself may be suppressed by oxidative stress, but this suppression occurred only transiently.
How is the Sch9 branch specifically suppressed in this situation? Fluorescence microscopic observation showed that Sch9 localization on vacuolar membranes was decreased on oxidative stress as time proceeded (Figure 5, D and E) . The ratio of fluorescence intensity of Sch9-GFP on vacuolar membranes to that of the cytoplasm suggested that the amount of Sch9 on vacuolar membranes at 30 or 60 min was decreased to half of that at 0 min ( Figure 5E ). The results led us to hypothesize that TORC1-Sch9 signaling is specifically suppressed under oxidative stress through changes in Sch9 subcellular localization. To address this possibility, we examined the phosphorylation state of the FYVE-Sch9 fusion protein, which was more associated with vacuolar membranes than Sch9, even under oxidative stress conditions ( Figure 6A ; compare Figure 5E with Supplemental Figure S2 ). As shown in Figure 6 , B and C, the phosphorylated form of FYVE-Sch9 was still apparent after treatment, although the proportion of the phosphorylated protein was reduced. Moreover, this phosphorylation was suppressed by simultaneous addition of rapamycin, revealing its TORC1 dependency ( Figure 6B ). Protein levels of normal and FYVE-fused alleles of SCH9 were comparable before treatment, and the amounts were not significantly changed following oxidative stress (Supplemental Figure S3) . Thus, the localization, not the abundance, of Sch9 was responsible for TORC1-dependent Sch9 phosphorylation on oxidative stress.
As the abundance of FYVE-Sch9 on vacuolar membranes was gradually declined following oxidative stress (Supplemental Figure  S2) , we further tethered Sch9 to the vacuoles in a PI3P/PI(3,5)P 2 -independent manner by fusing C-terminal 116 amino acids of Sch9 (cSch9) to Vac8 C-terminus (Urban et al., 2007; Jin et al., 2014) . Vac8-GFP-cSch9-5HA protein was substantially localized to vacuolar membranes under normal conditions, and its localization was essentially unchanged on oxidative stress ( Figure 6D and Supplemental Figure S4 ). As shown in Figure 6 , E and F, Vac8-cSch9 remained phosphorylated until 30 min after H 2 O 2 treatment, but the phosphorylation was decreased at 60 min. These results indicate that cells suppress TORC1-Sch9 signaling in a Sch9 localization-dependent manner during early response to oxidative stress. In addition, the incomplete rescue of Sch9 phosphorylation at later time points suggests the presence of additional mechanism to suppress TORC1-Sch9 signaling without affecting that to the other branches.
PI(3,5)P 2 localization changes in HOPS mutants and under oxidative stress
How is Sch9 localization regulated in HOPS mutants or in cells under oxidative stress? Our previous results indicated that PI(3,5)P 2 is a regulator of Sch9 localization (Jin et al., 2014) . We expected that the regulation of Sch9 localization may be important in controlling TORC1-Sch9 signaling under specific physiological conditions. FIGURE 3: The HOPS complex is necessary for normal localization of Sch9. (A) Representative images of WT (yet120), ∆ego1 (yet691), and ∆tco89 (yet727) cells expressing Sch9-2GFP from the SCH9 promoter encoded on a centromeric plasmid. Cells at mid-log phase grown in SDC medium were stained with FM4-64 as a vacuolar marker. The signal intensities of Sch9-2GFP and FM4-64 along the indicated lines were measured by softWoRx software. Scale bar = 5 µm. (B) Representative images of WT (yet120) and ∆vps41 (yet732) cells expressing Sch9-2GFP. Cells at mid-log phase grown in SDC medium were stained with CMAC as a vacuolar marker. Scale bar = 5 µm. (C) Represen tative images of WT (SKY374-A) and ∆vps41 (yet665) cells expressing Tor1-GFP. Cells at mid-log phase grown in SDC medium were stained with CMAC as a vacuolar marker. Scale bar = 5 µm.
We further investigated the effects of stress on the localization of PI(3,5)P 2 using GFP-Atg18. After oxidative stress induction, vacuolar localization of Atg18 was decreased, similarly to that of Sch9 (Figures 5E and 7, B and C) . These observations are consistent with the model that oxidative stress alters PI(3,5)P 2 , which causes delocalization of Sch9 from vacuolar membranes. In addition, the total level of PI(3,5)P 2 was not significantly altered under oxidative stress (Supplemental Table 1 ), suggesting that the local distribution is changed by oxidative stress.
How are local levels of PI(3,5)P 2 regulated on stress? Our previous report indicated that Fab1, the sole PI3P-5 kinase in yeast, and Sch9 did not localize to premature vacuolar membranes that were newly synthesized (Jin and Weisman, 2015) . We assessed whether the localization of Fab1-GFP changed under oxidative stress. As shown in Figure 6 , D and E, Fab1-GFP was substantially localized to vacuolar membranes under normal conditions, and localization decreased on oxidative stress. This result suggests that the loss of Fab1 localization after oxidative stress may be related to the reduction in the local amounts of PI(3,5)P 2 on vacuolar membranes. Moreover, the fraction of vacuolar membrane-localized GFP-FYVE-Sch9 or GFP-FYVE was decreased under the oxidative stress condition, although the total amount of PI3P was increased ( Figure 7F , Supplemental Figure 2 , and Supplemental Table 1 ). These results suggest that subcellular localization of PI3P is also changed on oxidative stress.
DISCUSSION
The fundamental survival strategy of living beings is metabolic regulation. The cell, the basic unit of life, activates its own anabolic activity to stimulate growth and division under nutrient-rich conditions suitable for cellular proliferation. By contrast, the cell inactivates these activities and represses its growth and division under nutrient-deficient or stressful conditions. It is thought that only living beings capable of properly performing these regulatory processes are able to effectively utilize limited resources and survive to the present day. TOR has been implicated as one of the master players in these regulatory processes.
As the biochemical activity of TORC1 does not necessarily reflect intracellular activity after its isolation from cells (Kamada, 2017; Tanigawa and Maeda, 2017) , in vivo TORC1 activity, including its changes due to physiological conditions or genetic manipulation, has been assessed by estimating the phosphorylation state of its downstream factors. This study shows that the signaling strength of each branch of the TORC1 signaling pathway can be differentially hypothesized that localization changes in PI(3,5)P 2 delocalize Sch9 from vacuolar membranes. To address this possibility, we investigated the intracellular localization of PI(3,5)P 2 in HOPS mutant cells or under oxidative stress using GFP-tagged Atg18, which harbors a PI(3,5)P 2 -binding domain (Dove et al., 2004) . As shown in Figure 7A , GFP-Atg18 was localized to vacuolar membranes in WT cells. By contrast, Atg18 localization exhibited a dotlike pattern in ∆vps41 cells. This pattern of localization was similar to that observed in ∆vac7 cells ( Figure 7A) , in which the abundance of PI(3,5)P 2 was reduced (Bonangelino et al., 2002) . This result suggests that PI(3,5)P 2 localization is abnormal in HOPS mutant cells. 2015; González and Hall, 2017; Michel et al., 2017) . By contrast, the latter form of regulation can cause a branch-specific switch in signaling, which may contribute to physiological responses to stress by optimizing a pathway by modulating a particular downstream branch. The presence of two modes of regulation is reasonable, because the central control by the main regulator, TORC1, may lead to futile changes in a specific branch under a particular condition.
Vacuoles as scaffolds for TORC1 activation and signal transmission
Numerous studies have investigated the mechanisms underlying the regulation of TORC1 by nutrient signals, showing that TORC1 and its regulators in yeast are localized to vacuolar membranes (Dubouloz et al., 2005; Kira et al., 2016) . Moreover, disruption of the genes related to vacuolar morphogenesis or sorting resulted in rapamycin hypersensitivity (Xie et al., 2005; Zurita-Martinez et al., 2007) . These results have established the importance of vacuoles and lysosomes in the TORC1 pathway.
Our previous report pointed out the differences in the localization of TORC1 and Sch9 or Fab1: TORC1 was localized to both mature and premature vacuoles, but Sch9 and Fab1 were associated exclusively with mature ones (Jin and Weisman, 2015) . Partial colocalization of TORC1 and Sch9 suggests that the signal output of the Sch9 branch reflects TORC1 activity itself and the integrity of vacuoles.
In this study, we showed that the importance of vacuoles in transducing downstream signals differs in each branch of the TORC1 pathway, such that vacuolar deficiency via HOPS mutation severely affects the Sch9 branch but only minimally impacts the PP2A and Atg13 branches. One possible explanation for this mechanism is that the difference in vacuolar dependency is due to the level of TORC1 activity required for signal transduction. A lack of normal vacuoles may reduce the catalytic activity of TORC1, and the Sch9 branch may require higher TORC1 activity for its activation than the other branches. Indeed, the signaling diversity downstream of TORC1 is achieved by the inherent capacity of phosphorylation sites to serve as TORC1 substrates in mammals (Kang et al., 2013) . However, our data suggest that differential preferences for phosphorylation by TORC1 do not always explain branch-specific signal transduction. The PP2A branch is greatly influenced by a deficiency of the EGO complex ( Figure 2B ). Previous studies support our observation that the activity of TORC1 is reduced in these mutants, but these observations suggest that the influence of an EGO complex deficiency on the Sch9 branch is less than that of a deficiency of the HOPS complex (Figure 2 , B and C) (Kingsbury et al., 2014) . This phenomenon is not simply explained by the "substrate quality" model (Kang et al., 2013) , leading us to consider the possibility that regulated, indicating the necessity of investigating more than two individual branches in parallel to effectively estimate the in vivo activity of TORC1.
In this study, we reevaluated the regulation of signal transduction in the TORC1 pathway under several different types of stress and discovered that this regulation is composed of two different mechanisms, namely the regulation of TORC1 activity itself and that of the specific interaction between TORC1 and downstream substrates. Evidence has accumulated for the former regulation of TORC1, which is enacted by evolutionarily conserved positive and negative factors of TORC1 (Garami et al., 2003; Inoki et al., 2003; Gwinn et al., 2008; Sancak et al., 2008; Binda et al., 2009; Bonfils et al., 2012; Takahara and Maeda, 2012; Bar-Peled et al., 2013; Panchaud et al., 2013; Thedieck et al., 2013; Tsun et al., 2013; Hughes Hallett et al., 2014 Kim and Cunningham, 2015 ; Péli-Gulli et al., for particular physiological responses. As the main role of TORC1-Sch9 signaling is the regulation of proteosynthesis, the effects of endomembrane status on Sch9 activity may contribute to the coordination of the synthesis of two important macromolecules, proteins and phospholipids.
Branch-specific cross-talk may generate different outputs of the TORC1 pathway under stress conditions On carbon starvation or hyperosmotic stress, changes in the localization of Sch9 were evident: vacuolar membrane localization of Sch9 was increased on hyperosmotic stress (our unpublished observations), whereas it was decreased on carbon starvation (Jorgensen et al., 2004) . The significance of these changes was unclear because TORC1 itself seems to be inhibited under these stress conditions, as Atg13 and FYVE-Sch9 were both dephosphorylated in these situations (Supplemental Figures S5 and S6) . Under these conditions, although TORC1 signaling to other branches was inhibited, signaling to the PP2A branch was only moderately or minimally inhibited (Hughes Hallett et al., 2014) . One possible explanation is that the PP2A branch may also have an alternative, TORC1-independent regulatory mechanism in which PKA and other signaling molecules are involved (Castermans et al., 2012) .
We showed previously that localization of TORC1 was affected by nitrogen starvation; however, localization of Sch9 was not significantly affected, suggesting that regulation of Sch9 localization is not involved in the response of TORC1 signaling to nitrogen sources (Kira et al., 2016) . Under conditions of heat stress, sequestration of TORC1 into stress granules contributes to inhibition of TORC1 (Takahara and Maeda, 2012) . We noticed that, on heat stress, Sch9 delocalized from vacuoles and colocalized to stress granules, similarly to TORC1 (our unpublished observations). In this situation, the activity of TORC1 itself was inhibited because Atg13 was dephosphorylated ( Figure 5A) . A previous study indicated that different stressors drive the TORC1 pathway into distinct sets of states (Hughes Hallett et al., 2014) . Although TORC1 activity likely has several different inhibitory mechanisms (Hughes Hallett et al., 2014 Hallett et al., , 2015 , all of our results suggest that diverse cross-talk of TORC1 with other downstream signaling pathways contributes to differential outputs of the TORC1 pathway.
Selective inhibition of the Sch9 branch may contribute to adaptation to oxidative stress
Oxidative stress stimulates mTORC1 activity by inhibiting the TSC complex in mammalian cells (Bae et al., 1999 ; Sarbassov and vacuolar dysfunction affects not only TORC1 itself but also its interaction with a specific downstream target. This possibility is supported by our observation that mutations causing vacuolar dysfunction resulted in a loss in vacuolar localization of Sch9 and reduction in its TORC1-mediated phosphorylation, both of which were rescued by artificially tethering Sch9 to vacuoles ( Figure 4B ).
On the basis of these results, we propose that the Sch9 branch is more dependent on vacuolar function than other branches, and this characteristic may be utilized for specific inhibition of the Sch9 branch FIGURE 6: The localization of Sch9 is responsible for TORC1-dependent Sch9 phosphorylation on oxidative stress. (A) Representative images of control and oxidative stressinduced (treated with 2 mM H 2 O 2 for 30 min) cells (yet234) expressing GFP-FYVE-Sch9 during mid-log phase in SDC (+ uracil) medium. Scale bar = 5 µm. (B) Western blot analysis of the C-terminal fragment of Sch9-5HA. Cells expressing Sch9-5HA (yet628) or FYVE-Sch9-5HA (yet629) were exposed to oxidative stress (2 mM H 2 O 2 ) or exposed to oxidative stress and treated with rapamycin (200 nM) during mid-log phase in SDC medium, and the lysates were subjected to Western blotting at each time point. (C) Quantification of the band shift data of Sch9 and FYVE-Sch9 from B (n = 3). Error bars represent 95% confidence intervals. (D) Representative images of control and oxidative stress-induced (treated with 2 mM H 2 O 2 for 30 min) cells (yet857) expressing Vac8-GFP-cSch9-5HA (cSch9 = C-terminal 116 amino acids of Sch9) during mid-log phase in SDC (+ uracil) medium. Scale bar = 5 µm. (E) Western blot analysis of Vac8-cSch9-5HA. Cells expressing Vac8-cSch9-5HA (yet859) were exposed to oxidative stress (2 mM H 2 O 2 ) or exposed to oxidative stress and treated with rapamycin (200 nM) during mid-log phase in SDC medium, and the lysates were subjected to Western blotting at each time point. (F) Quantification of the band shift data of Vac8-cSch9 from E (n = 3). Error bars represent 95% confidence intervals.
The role of PI(3,5)P 2 in the TORC1 signaling pathway PI(3,5)P 2 is less abundant than other phosphoinositides in yeast and mammalian cells (McCartney et al., 2014; Hasegawa et al., 2017) and is synthesized by Fab1, the sole PI(3,5)P 2 synthase in yeast (Yamamoto et al., 1995; Gary et al., 1998) . Previous studies have revealed the roles of PI(3,5)P 2 in vesicle fragmentation and trafficking (Yamamoto et al., 1995; Gary et al., 1998; Odorizzi et al., 1998; Dove et al., 2009; Hasegawa et al., 2017) . We previously showed that a PI(3,5)P 2 deficiency caused a reduction in the TORC1 signaling pathway, with greater influence on the Sch9 branch (Jin et al., 2014) . In this study, we demonstrated that local changes in PI(3,5)P 2 levels under oxidative stress contributed to specific suppression of the Sch9 branch. This type of regulation may be important for linking vacuolar integrity with signals driving cellular proliferation, as the vacuole is a dynamic, highly regulated organelle in its morphology, responsive to extracellular and intracellular signals in budding yeast (Li and Kane, 2009) .
Recent studies have reported that PI(3,5) P 2 fulfills a regulatory function in the TORC1 pathway in species other than budding yeast. In fission yeast, disruption of Ste12 (PI3P-5 kinase) caused hypersensitivity to a TORC1 inhibitor, without inducing apparent dephosphorylation of downstream substrates (Cobley et al., 2017) . This result suggests that PI(3,5)P 2 abundance does not have a major effect on TORC1 catalytic activity but does affect the activity of the TORC1 network as a whole in this organism. In mammals, Raptor, a component of mTORC1, binds to PI(3,5)P 2 , and this interaction is required for mTORC1 to respond to insulin and amino acids in adipocytes (Bridges et al., 2012) . On the other hand, PI(3,5)P 2 also affects nutrient availabilitydriven mTORC1 activation indirectly, rather than directly, in mammary epithelial cells (Krishna et al., 2016) . Thus, the role of PI(3,5)P 2 in the regulation of TORC1 signaling may be plastic, with its effects varying from tissue to tissue in mammalian cells. Different sensitivities of mTORC1 to PI(3,5)P 2 among tissues may generate tissue-specific regulation of the mTORC1 network, whereas different sensitivities to PI(3,5)P 2 among branches of the TORC1 pathway may contribute to the differential responsiveness of each branch in budding yeast.
In budding yeast, PI(3,5)P 2 is increased under hyperosmotic or heat stress conditions (Dove et al., 1997 (Dove et al., , 2009 Gary et al., 1998) . Detailed regulation under these conditions remains unclear, although the regulation of Fab1 and its regulatory proteins (Vac7, Vac14, Fig4, and Atg18) has been implicated (McCartney et al., 2014; Hasegawa et al., 2017) . As PI(3,5)P 2 -binding proteins exhibit specific subcellular localization, the detailed spatial regulation of Sabatini, 2005; Yoshida et al., 2011) . By contrast, the TORC1 pathway is relatively repressed under oxidative stress in yeast; TORC1 signaling to the Sch9 branch is halted, but signaling to PP2A or Atg13 is only slightly affected (Urban et al., 2007; Hughes Hallett et al., 2014) (Figure 5, A and B) . These results suggest that the regulation of TORC1 activity itself is less prominent under oxidative stress and that modulation of signaling output to a specific substrate is required for adjusting yeast physiology to stress conditions. Indeed, the inhibition of Sch9 leads to the activation of Rim15 and Sod2, which contribute to oxidative stress resistance (Fabrizio et al., 2001; Wei et al., 2008) . 0.5% (NH 4 ) 2 SO 4 (Wako Pure Chemical Industries, Ltd., Osaka, Japan), 0.5% casamino acid (BD Biosciences), and 2% glucose. When required, media were supplemented with 20 µg/ml uracil to compensate for auxotrophy.
Yeast strains and plasmids
The S. cerevisiae strains and plasmids used in this study are listed in Supplemental Table 2 . To construct the GFP-FYVE-SCH9 allele (yet234), the FYVE domain was cloned from human EEA1 by PCR with oligonucleotide primers FYVE-up, 5′-TGGCAATCTAGTCAAC-GGAG-3′, and FYVE-L-Sch9-down, 5′-GATGTAAAAAAATTCAT-CATTCCACCTCCGCCTCCTCCTTGCAAGTCATTGAAAC-3′ (Burd and Emr, 1998) . The resulting fragment was combined with the GFP fragment derived from pMaM173 (Khmelinskii et al., 2011) by performing a second PCR with oligonucleotide primers Sch9Ntag-S1, 5′-GAAGAATAAGTCTGAGAATTATACTCGTATAAGCAAGAA-ATAAAGATACGAATATACAATCGTACGCTGCAGGTCGAC-3′, and S4-FYVE-down, 5′-GTTTCTCAAGCTCACTAACTCTCCGTTGACTA-GATTGCCACATCGATGAATTCTCTGTCG-3′, and then the PCR product was used for transformation of BY4741. The transformant expressed the GFP-FYVE-SCH9 gene, using the NOP1 promoter. To construct cells in which SCH9 promoter-driven GFP-FYVE-SCH9 was expressed, cells were cultured in YPD medium for several days and then were spread on SDC medium containing 1 mg/ml 5-fluoroorotic acid and uracil. Cells in which the URA3-NOP1 promoter sequence was popped out by homologous recombination were selected. Correct insertion of the fragment was confirmed by PCR.
Western blot analysis
Protein extraction and 2-nitro-5-thiocyanobenzoic acid (NTCB) cleavage of Sch9 were performed in accordance with a previous report (Urban et al., 2007) , with some modifications. Cell cultures (5 ml) in mid-log phase or under stress conditions were treated with 6% trichloroacetic acid (TCA) and kept on ice for at least 30 min. Pelleted cells were washed with 4°C water and twice with -30°C acetone and then dried. The pellets were dissolved in 75 µl urea buffer (6 M urea, 5 mM EDTA, 1% SDS, 5 mM NaF, 5 mM NaN 3 , 5 mM 4-nitrophenylphosphate, 5 mM Na 2 P 2 O 4 , 5 mM β-glycerophosphate, 0.5 × Roche PI, 1.5 mM PMSF) and vortexed with the same volume of 0.5 mm low-alkaline glass beads (Yasui Kikai Corporation, Osaka, Japan) for 10 min at 4°C. Cell lysates were collected by piercing the bottom of a tube with a hot needle and centrifuging with a new tube as the receiver. Lysates were heated at 65°C for 10 min, and soluble proteins were separated by centrifugation at 15,000 rpm for 5 min at 4°C. For NTCB cleavage of Sch9, cell lysates were treated with 100 mM N-cyclohexyl-2-aminoethanesulfonic acid (CHES) buffer (pH 10.5) and 1 mM NTCB (in distilled water) for 12−16 h at room temperature in the dark. For SDS-PAGE, samples were heated to 95°C with 2× sample buffer (0.125 mM Tris pH 6.8, 4% SDS, 20% glycerol, 0.1 mg/ml bromophenol blue, 5 mM NaF, 5 mM NaN 3 , 5 mM 4-nitrophenylphosphate, 5 mM Na 2 P 2 O 4 , 5 mM β-glycerophosphate, 0.5 × Roche PI, 0.5 mM PMSF, 5% 2-mercaptoethanol) and electrophoresed on an 8% acrylamide gel (for Sch9, Atg13, and Par32) or a 6% acrylamide gel (for Npr1 and Vac8-cSch9). Sch9-5HA (C-terminal fragment), Npr1-13myc, Par32-13myc, and Atg13 were detected using mouse anti-HA (16B12; BioLegend, San Diego, CA; Figures 2E and 6E) , rabbit anti-HA [as described previously (Itakura et al., 2016) ], anti-myc (#2272; Cell Signaling, Beverly, MA), and anti-Atg13 (as described previously [Kamada et al., 2010] ) antibodies, respectively. To quantify phosphorylation levels of Sch9, we assessed bands that disappeared in rapamycin-treated cells as phosphorylated bands and then PI(3,5)P 2 abundance remains to be clarified. The change in Fab1 localization on oxidative stress ( Figure 7D ) implies that regulation of the local distribution of Fab1 might be one mechanism. Furthermore, we showed that the local distribution of PI3P was also affected under oxidative conditions ( Figure 7F and Supplemental Figure S2 ). As Fab1 contains the FYVE domain (Burd and Emr, 1998) , the change in its localization may be ascribed to that of PI3P. Further studies are required to elucidate the spatial regulation of phosphatidylinositol metabolism and its contribution to the TORC1 pathway.
Where is activated TORC1 localized, and where are TORC1 targets phosphorylated?
Although lysosomal localization of mTORC1 is important for its activation by Rheb in mammalian cells (Garami et al., 2003; Sancak et al., 2008) , the Rheb homologue in yeast does not seem to be involved in the regulation of TORC1 (De Virgilio and Loewith, 2006; Tanigawa and Maeda, 2017) . However, the importance of vacuolar context in TORC1 signaling has been established; TORC1 phosphorylates Sch9 on vacuolar membranes (Urban et al., 2007; Jin et al., 2014; Jin and Weisman, 2015) . Consistently, we showed that FYVE domain-dependent tethering of Sch9 increased its phosphorylation in WT cells ( Figures 4B and 6B) .
In HOPS mutants, fragmented vacuoles stained well with CMAC ( Figure 3 , B and C), but they did not contain Fab1 or Atg18 ( Figure 7A and Supplemental Figure S7 ). This result suggests that vacuoles present in these mutants are essentially immature, with minimal levels of PI(3,5)P 2 . We found that nutrient-dependent activation of TORC1 was robust in a HOPS mutant ( Figure 2D ), indicating that vacuole maturation is not necessary for the activation of TORC1 itself. Furthermore, Tor1 is localized to immature vacuoles in HOPS mutants ( Figure 3C ), and FYVE-Sch9 on immature vacuoles is partially phosphorylated in HOPS mutants in a TORC1-dependent manner (Figure 4, A and B) . Therefore, active TORC1 appears to localize on both immature and mature vacuoles. Indeed, our previous observations indicated that newly synthesized immature vacuoles contained Tor1 but not Fab1 or Sch9 (Jin and Weisman, 2015) . Such nonselective vacuolar localization of TORC1 may contribute to selective transmission of signals, depending on diverse localization of substrates (i.e., substrates in one branch may prefer mature vacuoles while substrates in another branch prefer immature ones).
The site of TORC1-catalyzed phosphorylation of substrates other than Sch9 remains unclear, although it was reported that substrates of the PP2A branch interact with TORC1 in the membrane fraction (Yan et al., 2006) . As shown in Supplemental Figure S8 , GFP-Atg13 did not specifically localize to vacuolar membranes, showing that phosphorylation of Atg13 by TORC1 may not occur on vacuolar membranes. Thus, localization and substrate quality may be the factors determining phosphorylation. A recent study indicated that mTORC2 is regulated in a different manner depending on the location of the cell, and that differentially localized mTORC2 may phosphorylate different substrates (Ebner et al., 2017) . Similarly, spatial differences in both TORC1 and its substrates may contribute to the specific regulation of TORC1 outputs.
MATERIALS AND METHODS
Growth conditions
Yeast cells were grown in YPD medium, consisting of 1% yeast extract (BD Biosciences, San Jose, CA), 2% hipolypepton (Nihon Pharmaceutical Corporation, Tokyo, Japan), and 2% glucose (Nacalai Tesque, Kyoto, Japan), or SDC consisting of 0.17% yeast nitrogen base without amino acids or ammonium sulfate (BD Biosciences), measured the integrated density of the rates of phosphorylated versus whole bands. To quantify phosphorylation levels of Npr1, we divided the control band at the center, and then the phosphorylation level was defined as the ratio of the upper band to total intensity. Relative phosphorylation levels were assessed as the ratio of the phosphorylation level at each time point normalized to that of cells at 0 min. Quantification of the band shift data was conducted using ImageJ software (National Institutes of Health, Bethesda, MD).
Fluorescence microscopy
Yeast cells grown to log phase were collected by centrifugation (3000 rpm for 30 s), and then the cells were observed under an inverted microscope (DeltaVision). Images were captured using softWoRx image acquisition and analysis software. Fab1-GFP was observed using a confocal laser microscope (FV1000 IX81; Olympus, Tokyo, Japan). For FM4-64 staining, pelleted cells in log phase were resuspended in 50 µl SDC medium containing 20 µM FM4-64 (T13320; Invitrogen, Carlsbad, CA) and incubated for 30 min. The cells then were washed with 500 µl fresh medium and incubated for 1 h before microscopic observation. For CMAC staining, CMAC (Y-7531 Yeast Vacuole Marker Sampler Kit; Molecular Probes, Eugene, OR) was added to cells in log phase (final concentration, 10 µM). The cells were incubated at 30°C for 30 min. Resuspended cells in fresh media were subjected to microscopic observation. To quantify membrane localization data, we calculated the ratio of fluorescence intensity of vacuolar membranes to cytoplasm with line plots and then defined it as the relative amount of protein on the vacuolar membranes.
Measurement of cellular levels of phosphoinositides
Cells grown in SDC + amino acids and uracil medium were labeled with [ 3 H]inositol, and total cellular phosphoinositide was extracted. Extraction and measurement of phosphoinositides were performed as described previously (Duex et al., 2006) .
